■i %  ■  :vf \'t 

kCY-'i^S^slSlS 


■,}::■  v-  ’3?® 

f*?^ 


Prepared  for 

SPACE  DIVISION 
AIR  FORCE  SYSTEMS  COMMAND 
Los  Angeles  Air  Force  Station 
P.  O.  Box  92960,  Worldway  Postal  Center 
Los  Angeles,  California  90009 


This  report  was  submitted  by  The  Aerospace  Corporation,  El  Segundo,  CA 
90245,  under  Contract  No.  F04701-82-C-0083  with  the  Space  Division,  Deputy  for 
Technology,  P.0.  Box  92960,  Worldway  Postal  Center,  Los  Angeles,  CA  90009.  It 
was  reviewed  and  approved  for  The  Aerospace  Corporation  by  S.  Feuersteln, 
Director,  Chemistry  and  Physics  Laboratory.  Lieutenant  S.  G.  Hancock ,  Det  1, 
STC/YLXT,  was  the  project  officer  for  the  Mission-Oriented  Investigation  and 
Experimentation  (MOIE)  Program. 

This  report  has  been  reviewed  by  the  Public  Affairs  Office  (PAS)  and  Is 
releasable  to  the  National  Technical  Information  Service  (NTIS).  At  NTIS,  It 
will  be  available  to  the  general  public,  including  foreign  nations. 

This  technical  report  has  been  reviewed  and  is  approved  for  publication. 
Publication  of  this  report  does  not  constitute  Air  Force  approval  of  the 
report's  findings  or  conclusions.  It  is  published  only  for  the  exchange  and 
stimulation  of  ideas. 


Steven  G.  Hancock,  2nd  Lt,  USAF 
Project  Officer 


Actg  Dir,  Advanced  Space  Technology 


FOR  THE  COMMANDER 


Commander,  Det  1,  STC 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  FACE  (Whan  Data  Batata*) 


REPORT  DOCUMENTATION  PAGE 


«.  TITLE  (and  tubtitla) 


CHEMICAL  DEPOSITION  OF  T102  LAYERS  ON  GaAs 


7.  AUTHOR (a) 


P.  A.  Bertrand  and  P.  D.  Fleischauer 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


1.  RECIPIENT'S  CATALOO  NUMBER 


S.  TYPE  OF  REPORT  S  PERIOD  COVEREO 


S.  PERFORMING  ORG.  REPORT  N 

TR-0083 (3945-06) -2 


S.  CONTRACT  OR  GRANT  HUMBERT*; 


F04 7 01-82-C-0083 


».  performing  organization  name  ano  address 
The  Aerospace  Corporation 
El  Segundo,  California  90245 


11.  CONTROLLING  OFFICE  NAME  ANO  ADDRESS 

Space  Division 

Air  Force  Systems  Command 

Los  Angeles,  California  90009 


MONITORING  AGENCY  NAME  •  ADDRESSf/f  dttiarant  I 


12.  REPORT  DATE 

21  December  1982 


IS.  NUMBER  OF  PAGES 
18 


Controlling  OHIea)  IS.  SECURITY  CLASS,  (ot  thla  roport) 

Unclassified 


1S«.  DECLASSIFICATION/DOWNGRADING 
SCHEDULE 


IS.  DISTRIBUTION  STATEMENT  (at  thla  Roport) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (of  if io  abetted  entered  In  Block  20,  II  different  tram  Report) 


IS.  KEY  WORDS  (Continue  on  revere e  aide  II  neceeeary  end  Identify  by  block  mmber) 

GaAs  Scanning  Auger  microprobe 

Tit^  X-ray  photoelectron  spectroscopy 

Chemical  deposition 
Passivation 


ABSTRACT  (Coot Imre  on  reveree  elde  II  nocoeoory  end  Identify  by  block  mmber) 

TIO2  layers  have  been  produced  on  clean,  etched  GaAs  by  a  chemical 
deposition  technique  in  which  a  GaAs  coupon  is  Immersed  in  a  nonaqueous 
solution  of  a  titanium  alkoxlde  and  then  removed  to  allow  the  alkoxlde 
layer  adhering  to  the  surface  to  hydrolyse  to  H02.  Depth  profiles  of  the 
films  have  been  measured  by  x-ray  photoelectron  spectroscopy  and  the 
scanning  Auger  microprobe,  using  both  ion-beam  sputter  etching  and 
chemical  solution  etching.  The  results  Indicate  that  the  composition  and 


S1CURITY  CLASSIFICATION  QF  THU  RAOKfWRMi  Date  Mntoaad) 


I*.  KCY  WORDS  (Continual) 


TRACT  (Continued) 

chemical  structure  of  the  films  are  determined  by  the  amount  of  water 
present  in  the  coating  solution,  coating  atmosphere,  and  hydrolysis 
atmosphere.  Films  grown  in  high  humidity  exhibit  much  intermixing  of 
semiconductor  and  oxide  components,  and  oxidation  of  the  semiconductor; 
films  grown  in  low  humidity  exhibit  neither  mixing  nor  oxidation  of 
unless  they  are  stored  in  that  atmosphere  for  a  prolonged  period. 


I 


INTRODUCTION 


II.  EXPERIMENTAL . 

III.  RESULTS  AND  DISCUSSION 

IV.  CONCLUSIONS . 

REFERENCES . 


Accession  For 

NTT.S  GRA&I 
DTIC  TAB 

Unftnuouneed 

Justification 


Distribution/ 
Availability  Codes 
! Avail  and/or 


FIGURES 


1.  Titanium  oxide  film  on  GaAs  prepared  with  hydrolysis 

at  95Z  RH  (sample  9) . . 

2.  Titanium  oxide  film  on  GaAs  prepared  with  hydrolysis 

at  30Z  RH  for  two  weeks  (sample  11)... . 

3.  Titanium  oxide  film  on  GaAs  prepared  with  hydrolysis 

at  25Z  RH  (sample  4) . . . . . 

4.  Titanium  oxide  film  on  GaAs  prepared  with  hydrolysis 

at  30Z  RH  for  over  one  month  (sample  6) . 


TABLES 

I.  Description  of  samples . . 

II.  Standard  binding-energy  differences.... 

III.  Experimental  binding-energy  differences 


13 

14 

16 

18 

8 

12 

15 


I.  INTRODUCTION 


GaAs  is  an  important  semiconductor  material  that  can  be  employed  in  high¬ 
speed  electronic  devices  such  as  microwave  oscillators  and  high-frequency 
field-effect  transistors  (FETs).  Experimental  high-speed  GaAs  devices 
Intended  for  incorporation  into  microwave  systems — devices  such  as  counters, 
analog-to-digital  converters,  multipliers,  and  memories — have  been  constructed 
with  FETs  based  on  metal-semiconductor  contacts  and  Schottky  diode  technolo¬ 
gies.  When  compared  with  a  projected  technology  based  on  metal-insulator- 
semiconductor  (MIS)  devices,  however,  these  two  technologies  are  seen  to  have 
disadvantages.  Schottky  diode  devices  have  a  higher  power  dissipation  than 
MIS  devices.  Metal-semiconductor-based  FETs  have  low  «0.8  V)  logic  swings, 
whereas  an  MIS  device  would  have  a  1  V  swing,  which  Improves  accuracy  in 
digital  circuits. 

Production  of  stable  GaAs  metal-oxlde-semiconductor  (MOS)  devices  has 
been  hindered  by  the  poor  quality  of  the  native  oxide.  Use  of  nonnative 
oxides  or  other  passlvants  to  form  the  MIS  system  could  remove  this 
hindrance.  Many  nonnative  Insulating  layers  have  been  produced  on  compound 

semiconductors:  Si02  layers  on  InP  by  chemical  vapor  deposition  (CVD)  and 

1  2 
plasma-enhanced  CVD;  Si02  on  InSb  by  low- temperature  CVD;  A^Oj  on  InP  by 

3  4 

pyrolysis;  SI3N4  on  GaAs  by  plasma-enhanced  CVD;  and  AsOF  on  GaAs  by  glow- 

discharge  plasma.5  But  electronic  instabilities  have  been  detected  in  these 

insulators  as  well.  The  presence  of  a  thin  layer  of  native  oxide  between  the 

insulator  and  the  semiconductor  has  been  indicated  as  the  cause  of  the 

1-6 

electronic  instabilities. 

Room-temperature  chemical  solution  deposition  of  Ti02  was  selected  as  a 
demonstration  system  to  explore  the  possibility  of  placing  a  nonnative  oxide 
layer  on  GaAs  without  an  Interfacial  layer  of  native  oxide  and  without 
intermixing  of  semiconductor  and  oxide  components.  Room  temperature  reduces 
the  possibility  of  diffusion  and  mixing  at  the  semiconductor-oxide 
Interface.  There  are  two  reasons  for  selecting  chemical  solution 
deposition.  First,  previous  work^  provides  procedures  on  how  to  control  the 
initial  GaAs  surface  in  a  solution  process  and,  in  particular,  how  to  remove 
the  native  oxide  and  transfer  the  cleaned  sample  to  another  solution  without 
reoxidation.  Second,  the  particular  deposition  reaction  chosen,  hydrolysis  of 
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T1  alkoxldes,  has  been  widely  studied  on  oxide  substrates  and  is  in  fact  a 
commercial  process  (using,  for  example,  Dupont  TYZOR  organic  titanates). 
Initially  it  was  not  apparent  that  a  nonnative  oxide  would  adhere  to  the 
semiconductor  unless  an  Intervening  layer  of  native  oxide  was  present.  For 
this  reason,  the  well-characterized  reaction  of  T1  alkoxldes  to  form  HO2  was 
preferred  to  the  almost  uncharacterized  reaction  of  Si  alkoxldes  to  form 
Si02 , ^  even  though  formation  of  a  device-quality  insulating  layer  was  not 
expected.  The  deposition  technique  consists  of  dipping  the  substrate  into  a 
solution  of  an  organometallic  compound  [e.g.,  M(OR)^  where  M  -  Ti  in  this  case 
and  R  •  Isopropyl  or  2-ethylhexyl] ,  then  hydrolyzing  the  organometallic  layer 
on  the  substrate  to  produce  the  metal  oxide. 

The  experimental  conditions  in  both  the  coating  and  the  hydrolysis  steps 
affect  the  chemical  composition  of  films  produced  by  the  deposition 
technique.^  In  particular,  the  presence  of  water  in  the  hydrolysis  atmosphere 
determines  the  amount  of  oxidized  6a  and  As  in  the  TK^  insulating  film.  The 
amount  of  such  admixture  may  be  crucial  to  the  electrical  characteristics  of 
the  film:  a  highly  mixed  oxide  layer  may  have  many  undesirable  charge  traps. 

X-ray  photoelectron  spectroscopy  (XPS)  was  used  to  characterize  the 
chemical  compositions  of  the  metal  oxide  films  that  had  been  exposed  to 
different  humidities  for  various  lengths  of  time.  Depth  profiles  of  the  films 
were  obtained  either  by  sputtering  the  surface  with  energetic  Ar+  ions  or  by  a 
chemical-etch  procedure. 


II.  EXPERIMENTAL 


The  GaAs  coupons  are  polished  (100)  faces  of  p-type  material,  Zn-doped  to 
a  carrier  concentration  of  5  x  10^®  cm”®.  They  were  etched  in  2Z  Br2  in 
methanol  for  15  sec,  rinsed  in  methanol,  then  Immersed  in  a  3.5  volZ  solution 
of  titanium  isopropoxide  or  titanium  2-ethylhexoxlde  in  isopropanol.  All 
samples  were  kept  in  methanol  and  not  allowed  to  dry  as  they  were  Introduced 
into  the  tltanate  solution,  a  procedure  reported  to  prevent  oxidation.®  The 
samples  were  Immersed  in  the  coating  solution  for  1  min,  then  removed  and 
hydrolyzed  while  lying  horizontally  on  microscope  slides.  Relative  humidity 
(RH)  of  95Z  was  obtained  in  stagnant  air  over  a  water  bath  (lower  humidity  was 
characteristic  of  stagnant  room  air).  Samples  12  and  13  were  placed  in  a 
desiccator  over  CaSO^  immediately  after  they  were  removed  from  the  coating 
solution.  A  summary  of  the  samples  is  given  in  Table  I. 

The  samples  remained  in  their  hydrolysis  atmospheres  until  analysis, 
which  generally  occurred  within  one  week,  except  as  noted  in  Table  I.  The 
x-ray  photoelectron  spectra  were  obtained  with  a  GCA-McPherson  ESCA-36 
spectrometer  equipped  with  an  electrostatic  spherical  sector  analyzer  and  a 
position-sensitive  detector.  The  sensitivity  of  the  spectrometer  is 

approximately  10Z  of  a  monolayer  at  the  surface.  Auger  spectra  were  obtained 
with  a  Phi  590  scanning  Auger  microprobe. 

Energetic  Ar+  ion  sputtering  was  used  at  first  to  determine  the  thickness 
and  depth  profiles  of  the  films.  The  slow  sputter  rate  of  the  XPS  Ar  gun 
(~  5  A/mln)  resulted  in  unacceptably  long  times  for  a  complete  depth  profile, 
since  the  films  are  500  to  2000  A  thick.  For  this  reason,  a  chemical-etching 
procedure  developed  at  The  Aerospace  Corporation  for  etch  profiling  Si/Si02 
structures  was  extended  for  use  on  the  current  samples.  The  etching  solution 
is  2  parts  HF  :  25  parts  NH^F  :  5  parts  1^0.  The  sample  is  immersed  in  the 
solution  for  1  sec,  removed,  rinsed  with  methanol,  and  loaded  into  the 
spectrometer.  The  entire  procedure  takes  place  in  a  glove  bag  attached  to  the 
spectrometer.  The  spectrometer  and  the  glove  bag  are  filled  with  flowing  N2 
to  eliminate  oxidation  of  the  etched  surface  until  the  spectrometer  is 
evacuated . 

The  solution-etching  method  has  several  advantages  over  ion  sputtering. 
First,  etch  rate  is  approximately  50  A/sec,  so  the  experiments  can  be 
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TABLE  I.  DESCRIPTION  OF  SAMPLES 


Sample 

Alkoxide 

Hydrolysis  conditions 

Results 

1 

Isopropyl 

20Z  RH 

No  mixing 

2 

Isopropyl 

95%  RH 

Mixed  oxide 

3 

Isopropyl 

25%  RH 

No  mixing 

4 

Isopropyl 

25%  RH 

No  mixing 

5 

2-ethylhexyl 

95%  RH 

Mixed  oxide 

6 

2-ethylhexyl 

30%  RH,  over  1  month* 

Some  mixing 

7 

2-ethylhexyl 

30%  RH,  1  month* 

No  mixing 

8 

2-ethylhexyl 

30%  RH,  3  days* 

No  mixing 

9 

2-ethylhexyl 

95%  RH 

Mixed  oxide 

10 

2-ethylhexyl 

30%  RH,  1  meek* 

No  mixing 

11 

2-ethylhexyl 

30%  RH,  2  weeks* 

No  mixing 

12 

2-ethylhexyl 

Desiccator 

No  mixing 

13 

2-ethylhexyl 

Desiccator 

No  mixing 

*Length  of  time  In  hydrolysis  atmosphere  before  analysis. 


completed  in  a  reasonable  length  of  time.  Second,  and  more  important,  the 
damage  associated  with  sputtering  by  high-energy  (10  keV)  Ar  ions  has  been 
avoided.  Some  well-known  forms  of  ion-beam  damage  are  preferential 
sputtering,  reduction  of  surface  compounds  (reduction  of  Ti02  was  observed  in 
these  experiments),  deposition  of  C  contamination,  crater  formation,  and  ion 
knock-on  and  other  effects  that  broaden  the  measured  film-substrate 
Interface.  These  effects  make  it  impossible  to  measure  accurately  a  small 
amount  of  an  interfacial  compound  after  several  surface  layers  have  been 
removed:  the  interface  region  is  too  mixed.  In  solution  etching,  these 
mixing  effects  do  not  occur  since  the  etch  is  a  less  energetic  process  than 
ion-beam  sputtering. 

The  etchant  for  the  solution-etch  procedure  must  be  carefully  selected  so 
that  preferential  etching  by  the  solution  or  possible  reactions  that  could 
leave  new  compounds  on  the  surface  do  not  occur.  In  some  cases,  F  was  found 
on  the  surface  of  the  samples  after  etching,  but  was  associated  with  Ti  and 
not  Ga  or  As,  as  evidenced  by  a  binding-energy  shift  for  Ti  when  F  was 
present.  Proper  rinsing  eliminated  that  problem.  Etch-pit  formation  must  be 
minimized,  since  it  causes  the  interface  to  appear  broad  and  mixed  even  if  it 
is  actually  abrupt,  and  decreases  the  amount  of  interfacial  material  that  can 
be  detected.  Microscopic  observation  of  etched  samples  reveals  the  presence 
of  etch  pits  and  leads  to  an  estimate  of  a  10-fold  reduction  in  the  area  of 
the  film  with  constant  thickness,  and  thus  in  the  signal  of  the  interfacial 
material,  which  is  proportional  to  that  area.  A  faster  etch  will  produce 
fewer  pits,  but  the  depth  resolution  will  also  decrease.  The  present  system 
is  a  good  compromise  between  interface  broadening  due  to  etch-pit  formation 
and  etch  rate. 


III.  RESULTS  AND  DISCUSSION 


XPS  reveals  elemental  compositions  and,  by  means  of  photoelectron  binding 
energies,  information  about  the  chemical  state  of  each  element  in  the 
sample.  If  the  sample  Is  an  Insulator,  or  is  not  in  good  electrical  contact 
with  the  spectrometer,  electrostatic  charging  can  cause  apparent  binding- 
energy  shifts.  Referencing  all  binding  energies  to  a  single  element  present 
on  the  sample,  such  as  adventitious  C,  usually  compensates  for  these  shifts. 
But  because  that  convenient  reference  material  is  removed  by  sputtering  and  is 
often  severely  reduced  in  intensity  by  chemical  etching,  binding-energy 
differences  rather  than  absolute  binding  energies  are  used  in  this  study. 
Standard  binding-energy  differences  and  representative  binding-energy 
differences  measured  in  these  experiments  are  listed  in  Tables  II  and  III, 
respectively.  Samples  1  and  3  were  hydrolyzed  in  low-humidity  environments 
and,  when  the  peaks  appear  after  removal  of  the  Ti02  layer,  have  a  Ga(3d)- 
As(3d)  binding-energy  difference  characteristic  of  GaAs  (21.9  eV).  Sample  2, 
hydrolyzed  in  95%  relative  humidity,  shows  Ga  and  As  with  a  binding-energy 
difference  (25.0  eV)  indicative  of  Ga203  and  As203  in  the  bulk  of  the  Ti02 
film.  After  200  A  of  the  film  is  removed,  the  substrate  GaAs  is  visible 
(binding-energy  difference  of  21.9  eV). 

Depth  profiles  and  XPS  spectra  for  typical  films  produced  with 
2-ethylhexyl  tltanate  and  hydrolyzed  in  relative  humidities  of  95%  and  30%  are 
shown  in  Figures  1  and  2,  respectively.  The  ordinate,  XPS  peak  intensity,  is 
proportional  to  the  amount  of  a  given  species  present.  Peak-intensity  values 
have  been  corrected  for  spectrometer  sensitivity,  but  not  for  electron  escape 
depth  (which  alters  the  volume  sampled  for  each  element)  or  for  preferential 
etching.  The  peak-intensity  scale,  therefore,  is  given  in  arbitrary  units, 
and  the  relative  magnitudes  of  the  plotted  peak  intensities  for  different 
elements  should  not  be  compared.  The  trends  in  intensity  with  etching  time 
are  the  salient  features  of  these  depth  profile  plots. 

The  plot 8  and  Table  III  reveal  readily  apparent  differences  in  the 
effects  of  the  two  hydrolysis  atmospheres:  the  high-humidity  film  is  a  mixed 
oxide  throughout  its  bulk,  whereas  the  low-humidity  film  is  a  titanium  oxide 
only.  Single  oxide  layers  were  found  for  samples  that  had  been  stored  in  a 
desiccator  containing  CaSO^  from  immediately  after  preparation  until  analysis. 
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TABLE  II.  STANDARD  BINDING-ENERGY  DIFFERENCES 


Saaple 

Ga(3d)-As(3d) 

(eV) 

Ga(l)-Ca(2) 

Aa(l)-Aa(2) 

(eV) 

Inferences 

GaAa 

21.9 

• 

22.0 

b 

21.8 

c 

CaAa-Ga20j 

20.7 

1.2 

a 

20.9 

0.9 

c 

Aa-AajOj 

3.8 

a 

3.7 

b 

3.2 

c 

GajOj-Aa 

21.3 

a 

21.1 

c 

25.1 

a 

24.3 

c 

26.1 

a 

25.8 

c 

CaAs-Aa 

22.4 

0.5 

a 

22.5 

0.5 

b 

22.4 

0.6 

c 

GaAa-Aa20j 

26.2 

4.3 

a 

26.2 

4.2 

b 

25.6 

3.8 

c 

CaAa-Aa20j 

27.2 

5.3 

a 

27.1 

5.3 

c 

•r.  A.  Bertrand,  J.  Vac.  Set.  Tachnol.  18,  28  (1981). 

"Y.  Miiokava,  H.  Iwaaakl,  k.  MshltanTT  and  8.  Nakaaora,  J.  Electron 
S  pact rose .  Kalat .  Phonon .  14,  129  (1978). 

-C.  D.  Wagner,  W.1C  kiggaTT--  E.  Darla,  and  J.  F.  Moulder,  Handbook  of 
X-ray  Photoelectron  Spectroscopy.  Perkln-Elaer  Corporation,  Eden 
Prairie,  Mlnneaota  (197$). 


BINDING  ENERGY  (tVI 

1b) 


Titanium  oxide  flla  on  GaAs  prepared  with  hydrolyeie  et  95Z  RH 
(sample  9):  (a)  depth  profile,  chemical  etch;  (b)  typical  XPS 
spectra  taken  during  depth  profiling* 


and  for  samples  that  had  bean  hydrolyzed  In  room  air  for  two  weeks  or  less 
before  analysis.  The  hlgh-huoidity  samples  contained  G*2°3  As203  in  their 

oxide  layer. 


TABLE  III.  EXPERIMENTAL  BINDING-ENERGY  DIFFERENCES 


Sample 

Ga(3d)-As(3d) 

<eV) 

1 

21.9 

2 

25.0 

2* 

21.9 

3 

21.8 

*Below  200  A. 


The  compositions  of  the  films  produced  with  titanium  lsopropoxide  depend 
on  humidity  of  the  hydrolysis  atmosphere  in  the  sane  manner  as  do  those 
produced  with  titanium  2-ethylhexoxide.  The  depth  profile  of  sample  A  (a  low- 
humidity  hydrolysis  film)  in  Figure  3  exhibits  no  mixing  of  Ga  or  As  into  the 
TIOj  film.  The  film  is  approximately  2000  A  thick,  whereas  the  titanium 
2-ethylhexoxlde  films  are  only  ~800  A  thick,  a  difference  explained  by  the 
mechanism  of  film  formation. 

Water  is  required  for  the  hydrolysis  of  titanium  alkoxides  to  TIO2,  which 
proceeds  as  follows 

-Ti(0R)3  +  H20  ♦  -Ti(0R)20H  +  R0H  (1) 

-Ti(0R)20H  +  Ti(0R)4  ♦  -Ti(OR)2OTi(OR)3  +  ROH  (2) 

where  R  is  the  alkoxlde  group,  and  the  dangling  bond  on  Ti  represents 
connection  to  the  surface.  These  two  reactions  are  repeated  to  build  up  the 
oxide  coating.  Water  for  the  reactions  is  present  as  vapor  in  the  hydrolysis 
and  coating  atmospheres  and  is  dissolved  in  the  coating  solution  [most  of 
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Fig.  3.  Tlt«nlun  oxide  f  11a  on  GaAs  prepared  with  hydrolysis  at  25X  RH 
(sample  4).  Depth  profile  by  scanning  Auger  nicroprobe  with 
sputter  etching. 


which  is  scavenged  by  TKOR)^  in  the  solution].  Two  forms  of  alkoxide  are 
represented  in  the  above  equations:  (1)  alkoxide  strongly  bound  to  the 
substrate  surface  and  (2)  alkoxide  loosely  associated  with  the  surface  in  an 
unconsolidated  layer.  The  samples  are  removed  vertically  from  the  solution, 
which  permits  some  of  the  unconsolidated  layer  to  drain  off  before  the  samples 
are  positioned  horizontally  for  the  remainder  of  the  hydrolysis  time.  The 
isopropoxlde  is  nuch  more  reactive  in  hydrolysis  than  the  2-ethylhexoxide,  and 
probably  forms  a  thicker  layer  of  bound  alkoxide  during  coating.  This  thick 
bound-alkoxide  layer  will  then  form  a  thick  TiC^  layer  during  hydrolysis. 

It  is  well  known  that  the  presence  of  B^O  enhances  the  oxidation  of  GaAs 
to  Ga203,  A82O3,  and  As.**  High-humidity  hydrolysis  of  Ti  alkoxides  yields 
thick,  mixed-oxide  coatings  on  A1  surfaces,  owing  to  prepolymerization  of  the 
alkoxide  and  the  interaction  of  water  with  the  A1  surface.1  In  high  humidity, 
oxidation  of  GaAs  and  hydrolysis  of  the  Ti  alkoxide  occur  simultaneously, 
producing  a  network  of  mixed  Ga,  As,  and  Ti  amides.  If  the  amount  of  water 
present  is  insufficient  to  form  the  mixed  oxide,  the  hydrolysis  reaction 
occurs  preferentially.  The  thermodynamic  stabilities  of  68303  and  Ti02  are 
similar  with  respect  to  their  elements,  so  the  preferential  hydrolysis  must  be 
due  to  kinetic  effects:  the  hydrolysis  reaction  must  be  faster  than  oxidation 
at  room  temperature  in  low  humidity. 

A  law-humidity  environment  does  not  totally  preclude  the  formation  of  Ga 
and  As  oxides,  however,  as  Figure  4  demonstrates  for  sample  6,  which  was 
hydrolyzed  and  stored  in  room  air  for  over  one  month  before  analysis.  The 
presence  of  68303  and  A82O3  near  the  surface  evidences  that  even  a  small 
amount  of  water  vapor  in  the  storage  atmosphere  can  cause  mixed  oxides  to  form 
during  a  prolonged  storage  period.  Thus,  with  long  exposure  to  even 
relatively  law  humidity,  the  substrate  GaAs  begins  to  oxidize.  Oxidized 
semiconductor  components  are  found  at  the  surface  of  the  oxide,  indicating 
that  the  free  energy  of  the  oxide  system  for  these  low  concentrations  of 
oxidized  Ga  and  As  is  lower  with  a  0*2°3_A82°3  layer  at  the  surface  than  with 
a  uniform  Ga  and  As  oxide  distribution  throughout  the  oxide  or  with  a  68303- 
AS2O3  layer  at  the  oxide-semiconductor  interface.  Whether  the  diffusion  of  Ga 
and  As  proceeds  before  or  after  the  oxidation  cannot  be  determined  from  these 
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Fig.  4.  Titanium  oxide  film  on  GaAs  prepared  with  hydrolysis  at  30%  RH 
for  over  one  month  (sample  6):  (a)  depth  profile,  sputter 

etch;  (b)  typical  XFS  spectra  taken  during  depth  profiling. 


expert  sent  s.  Quantities  of  Ge  or  As  present  in  the  bulk  of  the  TiC^  are  so 
saall  as  to  be  unobservable. 


The  TIO2  layers  are  not  perfectly  uniform  over  the  surface  of  the  GaAs 
coupons;  scanning  electron  micrographs  reveal  graininess  of  1  ym  or  less  at 
the  surfaces  of  the  films.  Scanning  Auger  micrographs  of  low-humidity  films 
show  that  the  surface  is  uniformly  covered  by  Ti  and  that  Ga  and  As  are  not 

present.  High-humidity  films  show  Ti,  Ga,  and  As  present  at  the  surface  in 

the  same  regions  to  the  resolution  of  the  instrument  (several  micrometers). 
Thus  the  graininess  of  the  micrographs  is  not  due  to  separate  islands  of  TIO2 
and  native  oxide  unless  the  islands'  diameters  are  smaller  than  several  micro¬ 
meters.  The  fast  rise  of  the  substrate  XPS  signals  in  the  depth  profiles 

indicates  that,  by  the  time  the  interface  is  reached,  the  etch  procedure  has 

smoothed  out  the  film  to  a  graininess  of  at  most  75  A.  Nonuniform  etching 

through  the  film  (etch-pit  formation),  which  causes  patchy  TIO2  coverage  near 
the  interface,  would  reduce  detection  of  interfacial  native  oxide  from  the 
usual  XPS  sensitivity  of  a  fraction  of  a  monolayer  at  the  surface  to  a  full 

monolayer  or  more  at  the  Interface,  as  discussed  above.  In  the  samples 

hydrolyzed  in  low  humidity,  then,  there  is  at  most  one  monolayer's  worth  of 
native  oxide  in  the  Interfacial  region  defined  by  the  depth  resolution  of  the 
solution  etch  procedure  (~50  A). 


IV.  CONCLUSIONS 


This  study  has  demonstrated  that  a  single-component,  nonnative  oxide 
coating  can  be  formed  at  room  temperature  on  GaAs  without  mixing  of 
semiconductor  and  oxide,  and  without  the  formation  of  an  intervening  layer  of 
native  oxide  (to  within  our  detection  limits  of  one  monolayer).  This  result 
is  significant,  given  the  strong  imputation  to  native  oxide  of  electron  traps 
that  cause  poor  device  performance.  Single-component,  nonnative  oxide  layers 
were  not  stable  when  stored  in  room  air:  native  oxide  was  eventually  formed  at 
the  air-nonnatlve  oxide  interface.  Understanding  the  mechanism  of  chemical 
deposition  of  nonnative  oxide  films  on  GaAs  and  their  subsequent  reactions 
will  enable  an  assessment  of  their  value  in  the  making  of  electronic  devices. 
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LABORATORY  OPERATIONS 


The  Laboratory  Operation*  of  Tha  Aaroapaca  Corporation  la  conducting  exper- 
iaantal  and  thaoratlcal  lnvee tiger lone  naceaaary  for  tha  evaluation  and  applica¬ 
tion  of  aclantlflc  advancaa  to  now  military  apaca  ays tana.  Varaatlllty  and 
flexibility  have  been  davalopad  to  a  high  degree  by  tha  laboratory  peraonnel  In 
dealing  with  tha  aany  problaaa  encountered  In  tha  nation' a  rapidly  developing 
apace  eyoteaM-  Expartlaa  In  tha  lataat  aclantlflc  developaante  la  vital  to  the 
accoapllahaant  of  taaha  related  to  thaaa  problaaa.  The  laboratorlee  that  con¬ 
tribute  to  thle  reaaarch  arat 

Aaroahralca  Laboratory i  launch  vehicle  and  reentry  aerodynaalca  and  heat 
transfer,  pro pul  a ion  chaalatry  and  fluid  aaehanlca,  atruetural  aaehanlca,  flight 
dynamlca;  hlfh-taaperature  tharaoaachanlea ,  gaa  klnatlca  and  radiation;  reaearch 
In  eavlronaaatal  chaalatry  and  coetaal nation;  ev  and  pulled  cheat  cal  laaar 
developaant  lacladlag  chaalcal  klnatlca,  apectroacopy,  optical  raaoaatora  and 
bean  pointing,  ataoaphirlc  propagation,  laaar  affeeta  and  counteraeaeurea. 

i  Ataoapherlc  chaalcal  react Iona,  atao- 
apharlc  eptlca,  light  muttering,  a tat e-a pacific  chaalcal  react Iona  and  radia¬ 
tion  traneport  la  racket  pluaaa,  applied  laaar  apectroacopy,  laaar  chaalatry, 
battery  alectrochaalatry,  apace  vactnai  and  radiation  affeeta  on  aatarlala,  lu¬ 
brication  aad  eurface  phanoaana,  therm  onic  aalaalon,  photoaenaltlva  aatarlala 
aad  detector a,  atonic  fragnoacy  ataadarda,  aad  bloaavlronaantal  reaaarch  aad 
aaal taring. 

Electronics  Reaaarch  Laboratarv i  Htcreelactroalca,  GaAa  low-no lea  and 
power  dovlcoc.  aaalcaadaatar  laeera,  alactroaagaatlc  aad  optical  propagation 
phanoaana.  gaaataa  elactroalca,  laaar  aa—alcatlona,  Ildar,  aad  electro-optica; 
coaaualcatloa  aclaacaa,  applied  elactroalca,  aaalconductor  cryatal  and  device 
phyalca,  radleaatrlc  laiaglagl  ml  line  ter— wave  and  atcrauavn  technology. 


latprpaUen  ^LMp|  OttUm,  Progra*  verification,  prograa  trana- 
lation, parferaaaea-aaaaltlvi ayataa  dealgi,  dlatrlbwtad  architect urea  for 
a  pace borne  oaapetera,  fault-teleraat  oaaputer  ayatoaa,  artificial  Intelligence, 
aad  alcraelectrealea  appllcatleaa. 

Materials  fclaacae  laboratory;  Developaant  of  nae  aatarlala;  natal  aatrlx 
oaapoaltaa,  palyaare,  end  eoa  foraa  of  carbon;  coaponant  failure  aaalynla  and 
reliability;  fracture  aaehanlca  and  etraea  eorroalon;  evaluation  of  aatarlala  In 
apace  eavlreatent;  aatarlala  perferaaaco  In  apace  tranapartetloe  ayataaa;  anal- 
yata  of  ayataaa  vulnerability  aad  survivability  la  anaay  Induced  envlronaanta. 

dnaca  lolaneea  labarataryi  Ataoapherlc  and  laaeapharlc  phyalca,  radiation 
froa  the  iKaoe phare, da nalty and  coapoeltloa  of  the  upper  ataaaphare,  aurorae 
and  alrgloe;  aagneteapbarlc  phyalca,  coeelc  raya,  geaeratlon  aad  prepagatloa  of 
plaaaa  wave a  la  the  aagaatoaphara;  aolar  phyalca,  Infrared  aatraooay;  tha 
affeeta  of  aoslaar  axploalona,  aegnatle  atone,  aad  aolar  activity  on  tha 
earth' a  ataoaphera,  lonoaphare,  aad  aagnatoaphera;  the  affeeta  of  optical, 
electreaagaatle,  and  partleulata  radlatloaa  la  apaca  aa  apace  ayataaa. 


